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1. Introduction
In recent years, the development of wheeled mobile robots (WMR) has allowed for significant
progress in various fields of science due to the wide scope of applications in which such
robots can be employed [1]. These fields include medical assistance, space and marine
exploration, leisure, entertainment, technology research and development, metal-mechanics
and chemical industries, military research, cleaning in diverse surroundings, agriculture,
inspection, security, and transportation, among others. The discussion regarding mobile
robotics has been undergoing a slowly-evolving transition and continues even now to be a
topic of great interest at the international level.
Mobile robots can be classified according to their locomotion method into three types
[1]: wheeled, legged, and caterpillar track. Although both legged and caterpillar track
locomotion have been widely researched, most mobile robots that have been built, evaluated,
and reported use wheels to move. This reflects their increasing use in applications such
as planetary exploration, mining, inspection, security, rescue operations, hazardous waste
clean-up, and medical assistance. A review associated with WMR can be found in [1];
although much of the research that has been carried out thus far has provided a significant
contribution to the topic, the development and conception of a mobile robot that has total
autonomy of operation remains a distant prospect.
In order to improve the autonomy of mobile robots, experiments examining control
have generally focused on solving the following problems: (1) mobile robot positioning,
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(2) stabilization, (3) trajectory tracking control, (4) trajectory planning, and (5) obstacle
avoidance. In this respect, significant progress (albeit not total) has been achieved. The
present work focuses on the obstacle avoidance problem, whose objective is providing a
mobile robot with collision-free navigation through a workspace in which obstacles have been
predeterminately distributed. In particular, we develop, step-by-step, a Matlab-Simulink
application that describes the experimental implementation of a WMR controller which
allows collision-free navigation.
According to the robotics literature, a variety of different methods are available with which
to perform the obstacle avoidance task, the most relevant being: edge detection [2], cell
decomposition [3], map building [4], and artificial potential fields [5]; a description of all
of these methods can be found in [1], with the artificial potential field method notably the
most cited. In the present work the artificial potential field technique is employed to carry
out an obstacle avoiding task with a WMR. Developed by Khatib [5], in this method the
mobile robot can be considered as a particle, the obstacles presented within the workspace
as particles that exert a repulsive force on the mobile robot, and the goal as a particle that
exerts an attractive force on the mobile robot. Thus, a resultant potential field is achieved that
leads the trajectory that the mobile robot must follow in order to evade the obstacles –which
might be considered previously in the method, or else detected via a sensor– and reach
the goal. It is worth mentioning that applying the artificial potential field method does not
require a great deal of computational complexity because it is based on the implementation
of mathematical functions representing the attractive and repulsive forces exerted on the
mobile robot. Finally, since the initial establishment of the artificial potential field method, a
number of different modifications and implementations have been developed in conjunction
with other techniques. Hence, some variations of the method have been reported in [6–13].
Whereas the works cited above introduce research examining the obstacle avoidance task
using the artificial potential field method with WMRs, the present document describes the
step-by-step experimental implementation of a hierarchical control which is performed along
with the artificial potential field method in carrying out the obstacle avoidance task with
the differentially-driven WMR built and reported in [14]. This work is aimed at helping
students integrate theoretical and practical knowledge through the use of a relevant and
modern open-architecture testbed that allows rapid prototyping [15]. On the one hand,
simulations are carried out using Matlab-Simulink. On the other hand, Matlab-Simulink,
ControlDesk, and the DS1104 electronic board (dSPACE) are employed for the real-time
experiments since the graphical environment provided by Simulink facilitates the analysis,
design, and construction of dynamic systems.
The present work is structured as follows. Section 2 describes the basis of the artificial
potential field method for the obstacle avoidance task. The hierarchical control applied to
the WMR in performing the obstacle avoidance task is detailed in Section 3. In Section
4, a description of the block diagrams programmed in Matlab-Simulink, along with the
simulation results associated with the closed-loop system, are presented. The subsystems
of the prototype employed are then described in Section 5, with Section 6 containing a
description of the blocks developed in Matlab-Simulink for the experimental implementation
of the hierarchical control via Matlab-Simulink, ControlDesk, and the DS1104 in the
prototype. Finally, conclusions drawn from the study are presented in Section 7.
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2. Artificial potential field
This section describes the artificial potential field method, which in conjunction with a
controller allows the accomplishment of the obstacle avoidance task. Although the method
has been modified by various authors in order to solve some of its inherent problems,
these modifications account for individual problems separately and not necessarily in an
optimal manner. Therefore, the classic method is employed herein. The artificial potential
field method consists of the creation of artificial potential fields, with the goal being the
development of an attractive pole and obstacles acting as repulsive surfaces for the mobile
robot. Whereas the attractive force produced by the artificial potential field associated with
the goal generates a continuous trajectory towards it, the repulsive force produced by the
fields associated with the obstacles move the mobile robot away from them. When combining
both forces a third force is produced which enables an effective control. It is worth noting that
when the attractive and repulsive forces are equal in magnitude and opposite in orientation,
as generated by a specific goal and obstacle distribution, the mobile robot cannot accomplish
the obstacle avoidance task. When this occurs, the mobile robot is said to be trapped within
a local minimum.
The present study addresses a problem involving a WMR, an obstacle, and the goal which
is directly extendable to the general case, namely, the n obstacles problem. Consider a
bidimensional workspace and a fixed coordinate system X-Y in which the coordinates of
a point associated with the WMR are determined by q = (x1, y1) (see Figure 4), the obstacle
by qobs = (xo, yo), and the goal by qm = (xm, ym). Moreover, suppose that the obstacle and
the goal separately exert a force on the WMR, generating a resultant force, Ftotal , given by
Ftotal = Fat(q) + Frep(q), (1)
where Fat (q) is the attractive force produced by the goal and Frep (q) is the repulsive force
generated by the obstacle.
The resultant force is considered to be exerted by an artificial potential field determined by
U (q) = Uat (q) + Urep (q) , (2)
with Uat (q) and Urep (q) being the artificial potential fields associated with the goal and the
obstacle, respectively, where
Fat (q) = −∇Uat (q) , (3)
Frep (q) = −∇Urep (q) , (4)
and the operator∇ is defined as
(
∂
∂x ,
∂
∂y
)
. The attractive and repulsive forces are represented
by the negative gradient of the potential fields, as expressed in (3) and (4). Hence, depending
on the positions of the obstacle and the goal, the resultant force will lead the mobile robot’s
point q, collision-free, towards the goal.
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2.1. Attractive potential
One of the most commonly-used attractive potential fields was presented in [16], and is
determined by
Uat (q) =
1
2
ξρk (q, qm) , (5)
where ξ is a positive scale factor, q is the mobile robot’s reference point, qm is the goal’s
coordinate, ρ (q, qm) = ‖q− qm‖ is the distance between q and qm, and k = 1, 2.
• For k = 1, the attractive potential field presents a conic shape, as shown in Figure 1. The
attractive force generated by Uat has constant amplitude except at the goal, where Uat is
non-differentiable, as given by
Fat(q) = −∇Uat (q) = −
1
2
ξ
(q− qm)
‖q− qm‖
. (6)
• For k = 2, the attractive potential field presents a parabolic shape, as shown in Figure 2.
The corresponding attractive force is determined by the negative gradient of the attractive
potential, i.e.,
Fat(q) = −∇Uat (q) = −ξ (q− qm) , (7)
which converges linearly to zero as the mobile robot approaches the goal.
1.5
1
0.5
0
4
3.5
3
2.5
2
1.5
1
0.5
0 0
0.5
1
1.5
2
2.5
3
3.5
4
Uat(q)
Y X
Figure 1. Attractive potential field for k = 1.
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Figure 2. Attractive potential field for k = 2.
2.2. Repulsive potential
One commonly-used repulsive potential function takes the following form [16]:
Urep (q) =


1
2
η
[
1
ρ (q, qobs)
−
1
ρ0
]2
, for ρ (q, qobs) ≤ ρ0,
0, for ρ (q, qobs) > ρ0,
(8)
where η is a positive scale factor, ρ (q, qobs) = ‖q− qobs‖ is the shortest distance between the
mobile robot and the obstacle, and ρ0 is a positive constant that represents the distance of the
obstacle’s influence. The graphical representation associated with the obstacle defined by (8)
is shown in Figure 3. Hence, the repulsive force, Frep (q), associated with (8), is determined
by
Frep(q) = −∇Urep (q) =


η
[
1
ρ (q, qobs)
−
1
ρ0
]
q− qo
ρ3 (q, qobs)
, for ρ (q, qobs) ≤ ρ0,
0, for ρ (q, qobs) > ρ0.
(9)
Finally, it is worth mentioning that the described artificial potential field method depends
upon the relative position of the mobile robot to the obstacle, unlike other methods such as
that of Krogh [17] in which the potential field is sensitive to the impact time. Furthermore,
implementing the presented method requires knowledge of the coordinates of the mobile
robot, the obstacle, and the goal, i.e., q = (x1, y1), qobs = (xo, yo), and qm = (xm, ym),
respectively. In the present work, it is assumed that these coordinates are already known;
nevertheless, the employed method can also be extended to sensors that allow the acquisition
of these coordinates in real-time.
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Figure 3. Repulsive potential field.
3. Control for obstacle avoidance of WMR
This section presents the hierarchical control developed in [18], and analyzed in [26] for
a trailer-like vehicle. Using the kinematic model associated with the differentially-driven
WMR, an input-output linearization control is proposed that, in conjunction with the artificial
potential field method, enables the accomplishment of the obstacle avoidance task. A PI
control is then proposed for each DC motor, allowing the WMR to move. Finally, with
the ultimate aim of experimentally accomplishing the obstacle avoidance task with a WMR
prototype, a hierarchical control is proposed which merges the said controls, similar to the
structure presented in [14, 19–23].
3.1. Control of the kinematic model
The mobile robot under study is a vehicle comprising two traction wheels, left and right.
These two wheels are identical, parallel to each other, non-deformable, and joined by a shaft.
The robot also comprises two omnidirectional wheels, front and rear, that ensure the robot
platform remains on a plane. Supposing movement is restricted on an XY plane and that
there is no wheel slip, existing literature (see [24]) describe the WMR kinematics as given by
x˙ =
(ωr + ωl) r
2
cos ϕ,
y˙ =
(ωr + ωl) r
2
sin ϕ, (10)
ϕ˙ =
(ωr − ωl) r
2l
,
where (x, y) denotes the position of the mid-point of the shaft that joins the wheels, ϕ is
the angle formed by the WMR symmetry axis and the positive X-axis, ωr and ωl are the
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angular velocities of the right and left wheels, respectively, r is the wheel ratio, and 2l is
the separation between the wheels. Parameters and variables associated with the WMR are
shown in Figure 4. This WMR configuration is known as differential traction.
l
r
Figure 4. WMR diagram.
Whereas the derivative with respect to time t, associated with the state variables, is denoted
by a dot in equations (10) and (12), in the rest of the chapter it is represented explicitly, i.e.,
d
dt .
Since the mathematical model described by (10) presents a noninvertible relationship
between the controls, (ωr,ωl), and the outputs, (x, y), it is not possible to propose a control
via input-output linearization. For simplicity, another reference point associated with the
WMR that can therefore be considered is the front part which has the coordinates q = (x1, y1)
(see Figure 4). The coordinates of q expressed in terms of x, y, and ϕ are determined by
x1 = x + L cos ϕ,
y1 = y + L sin ϕ,
(11)
where L is the distance from the mid-point of the wheel shaft, (x, y), to the point q in the
direction perpendicular to the shaft. Deriving system (11) with respect to time obtains the
WMR kinematic model associated with point q = (x1, y1), which is given by
(
x˙1
y˙1
)
= A (ϕ)
(
ωr
ωl
)
, (12)
with
A (ϕ) =
(
cos ϕ −L sin ϕ
sin ϕ L cos ϕ
)( r
2
r
2
r
2l −
r
2l
)
.
Since det A (ϕ) = − Lr
2
2l 6= 0, it is clear that an input-output linearization scheme can be
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proposed for (ωr,ωl)− (x1, y1). According to [18], an input-output linearization control that
allows the WMR to accomplish the obstacle avoidance task and reach the goal can be written
as follows:
(
ωr
ωl
)
=
υd√
f 2x + f
2
y + ε
1
Lr
(
L cos ϕ − l sin ϕ l cos ϕ + L sin ϕ
L cos ϕ + l sin ϕ − (l cos ϕ − L sin ϕ)
)(
fx
fy
)
, (13)
where υd is a desired constant velocity, ε is a constant value close to zero, and fx and fy are
the components of Ftotal in directions X and Y, respectively.
When there are n obstacles located within the workspace, fx and fy are determined by
(
fx
fy
)
=
(
fx at + fx 1rep + fx 2rep + . . .+ fx nrep
fy at + fy 1rep + fy 2rep + . . .+ fy nrep
)
, (14)
with fx at the attractive force component associated with the goal in direction X, and
fx 1rep, fx 2rep, . . . , fx nrep the repulsive force components in direction X associated with
obstacles 1, 2, . . . , n, respectively. The description of the terms associated with fy is highly
similar to that for the terms associated with fx.
Here we present the equations explicitly associated with (14) when it is supposed that, within
the workspace, there are one and two obstacles, respectively.
• One obstacle:
In this situation, in accordance with (5) and (7), the attractive potential fields associated
with the goal and its force components in directions X and Y, respectively, are given by
Uat(q) =
1
2
ξ
[
(x1 − xm)
2 + (y1 − ym)
2
]
, (15)
fx at = −ξ(x1 − xm), (16)
fy at = −ξ(y1 − ym). (17)
Whereas, in accordance with (8) and (9), the repulsive potential fields associated with the
obstacle and its force components in directions X and Y, respectively, are determined by
U1rep(q) =


1
2η
[
1
ρ(q,qobs1)
− 1ρ01
]2
, for ρ(q, qobs1) ≤ ρ01,
0, for ρ(q, qobs1) > ρ01.
(18)
fx 1rep =
{
η
[
1
ρ(q,qobs1)
− 1ρ01
] [
1
ρ3(q,qobs1)
]
(x1 − xo1) , for ρ(q, qobs1) ≤ ρ01,
0, for ρ(q, qobs1) > ρ01.
(19)
fy 1rep =
{
η
[
1
ρ(q,qobs1)
− 1ρ01
] [
1
ρ3(q,qobs1)
]
(y1 − yo1) , for ρ(q, qobs1) ≤ ρ01,
0, for ρ(q, qobs1) > ρ01.
(20)
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Therefore, for a scenario involving one obstacle, (14) is given by
(
fx
fy
)
=
(
fx at + fx 1rep
fy at + fy 1rep
)
. (21)
• Two obstacles:
The attractive force components associated with the goal, fx at and fy at, are determined
by (16) and (17), respectively. Whereas the repulsive force components associated with
one of the obstacles, fx 1rep and fy 1rep, are determined by (20) and (20), respectively, the
second obstacle, which is associated with the repulsive potential field U2rep(q), has the
following force components:
U2rep(q) =


1
2η
[
1
ρ(q,qobs2)
− 1
ρ02
]2
, for ρ(q, qobs2) ≤ ρ02,
0, for ρ(q, qobs2) > ρ02.
(22)
fx 2rep =
{
η
[
1
ρ(q,qobs2)
− 1
ρ02
] [
1
ρ3(q,qobs2)
]
(x1 − xo2) , for ρ(q, qobs2) ≤ ρ02,
0, for ρ(q, qobs2) > ρ02.
(23)
fy 2rep =
{
η
[
1
ρ(q,qobs2)
− 1
ρ02
] [
1
ρ3(q,qobs2)
]
(y1 − yo2) , for ρ(q, qobs2) ≤ ρ02,
0, for ρ(q, qobs2) > ρ02.
(24)
Thus, in a scenario two obstacles, (14) adopts the following expression:
(
fx
fy
)
=
(
fx at + fx 1rep + fx 2rep
fy at + fy 1rep + fy 2rep
)
. (25)
Finally, it is worth mentioning that for each obstacle present within the workspace there will
exist a repulsive potential field; as a consequence, the terms associated with fx and fy will
be increased depending on the number of obstacles.
3.2. DC motor control
In order to execute the obstacle avoidance task experimentally, the angular velocity profiles
ωr and ωl , determined by the upper hierarchy (13), must be reproduced by the DC motors
associated with the WMR prototype employed in the present work (see [14]). Thus for the
right and left angular velocities of the DC motors to approach ωr and ωl , respectively, a PI
controller is implemented for each motor.
A DC motor mathematical model expressed in terms of the motor shaft speed ̟ is given by
La
dia
dt
= u − Raia − ke̟,
J
d̟
dt
= −b̟+ kmia,
(26)
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where u is the motor armature voltage, ia is the armature current, ke is the back-electromotive
force constant, km is the motor torque constant, La is the armature inductance, Ra is the
armature resistance, J is the rotor and load inertia, and b is the viscous friction constant due
to both motor and load.
Since motor manufacturers do not generally provide all of the parameter values associated
with (26), these values can be simply obtained via the reduction of (26) to a first order
system that relates ̟ to u. This is accomplished by assuming that La ≈ 0 in (26). Hence, the
simplified model is determined by
d̟
dt
= −α̟+ βu. (27)
Characterization of α and β associated with the prototype’s DC motors –two Engel
GNM3150s (24 V, 55 W) with G2.6 gearboxes– was previously carried out in [14]. In this
latter study it was found that the simplified model (27) of the right and left motors can be
respectively expressed by
d̟r
dt
= −10.20̟r + 5.51ur,
d̟l
dt
= −10.20̟l + 5.99ul ,
(28)
where ̟r and ̟l are the right and left angular velocity of the motors, and ur and ul represent
the armature voltages of the right and left motors, respectively. Hence, a PI control for (27)
that achieves ̟ → ̟∗ is determined by
u = Kpe + Ki
∫ t
0
edτ, (29)
with
e = ̟∗ −̟, (30)
where e is the tracking error, ̟∗ is the desired angular velocity trajectory, Kp is the
proportional gain, and Ki is the integral gain. Next, (29) is applied to the DC motors of
the WMR.
3.3. Hierarchical control
This subsection presents the connection of the control laws developed via a hierarchical
control, a block diagram of which is shown in Figure 5. At the upper level, an input-output
linearization control was used for the WMR model, generating the desired velocity profiles,
ωr and ωl , for the robot wheels to track. These velocity profiles ensure that the WMR moves
from the starting point to the goal point while avoiding the obstacles placed in between.
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At the lower level, two PI controllers for the DC motors were considered, ensuring that the
actual wheel velocities followed the desired velocity profiles generated at the upper level.
In accordance with (28), the mathematical models associated with the right and left motors
are expressed as follows:
d̟r
dt
= −10.20̟r + 5.51ur,
yr = ̟r,
(31)
and
d̟l
dt
= −10.20̟l + 5.99ul ,
yl = ̟l .
(32)
Thus, two controls, ur and ul , are required; in accordance with (29), these are given
by
ur = Kprer + Kir
∫ t
0
erdτ, (33)
ul = Kplel + Kil
∫ t
0
eldτ, (34)
where ur and ul are the control voltages for the right and left motors, respectively, and Kpr,
Kir, Kpl , and Kil are the constant gains (proportional and integral) associated with each motor.
Finally, er and el represent the angular velocity tracking errors defined by
er = ̟∗r −̟r,
el = ̟
∗
l −̟l ,
(35)
with
(̟∗r ,̟
∗
l ) = (ωr,ωl) . (36)
This means that the desired angular velocity trajectories
(
̟
∗
r ,̟
∗
l
)
are determined by (ωr,ωl),
which are obtained from (13).
4. Simulations
Using Matlab-Simulink, which allows the programming of mathematical models by means
of blocks that facilitate the establishment of equations in a transparent and simple manner,
this section presents the numerical simulations associated with the obstacle avoidance task
developed previously, with the general results then applied to a scenario involving three
obstacles within the WMR workspace. As mentioned earlier, the positions of the obstacles
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Figure 5. Block diagram of the WMR hierarchical control.
within the workspace is assumed to be already known. The following subsections outline
the stages of the simulation process, namely: the definition of the parameters of the system
and of the hierarchical control, the implementation of the control via Matlab-Simulink, and
finally the obtained results.
4.1. Definition of parameters
When implementing simulations associated with the closed-loop system, both WMR and
control parameters must first be considered in order to use them later to program (via
Matlab-Simulink) the block associated with the hierarchical control. In this case, the
parameters associated with the WMR are l, r, and L, and those associated with the
hierarchical control being υd, ε, η, ξ, and ρ0 due to the use of the artificial potential field
method. The values of these parameters are shown in Table 1. It is worth mentioning that
the values associated with the WMR, i.e., l, r, and L, correspond to the prototype reported in
[14]. Finally, the coordinates associated with the goal, qm, and the obstacles, qobs, (for a three
obstacle scenario) are presented in Table 2, where ρ0 = ρ01 = ρ02 = ρ03. The declarations
elaborated in Matlab-Simulink for all the above-mentioned parameters are shown in the
upper part of Figure 6.
Constant Definition Value
l Distance from (x, y) to the wheels 0.220 m
r Wheel ratio 0.075 m
L Distance from (x, y) to q 0.250 m
υd Desired constant velocity 0.5 m/s
ε Constant value close to zero 0.1
η Positive scale factor (repulsive) 2
ξ Positive scale factor (attractive) 1
ρ0 Distance of the obstacle’s influence 0.5 m
Table 1. Parameters employed in the development of the simulations.
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q(x1, y1) qm(xm, ym) qobs 1(xo1, yo1) qobs 2(xo2, yo2) qobs 3(xo3, yo3)
x1 = 0 m xm = 2.2 m xo1 = 0.2 m xo2 = 1.2 m xo3 = 1.5 m
y1 = 0 m ym = 1.7 m yo1 = 0.4 m yo2 = 0.4 m yo3 = 1.6 m
ρ01 = 0.5 m ρ02 = 0.5 m ρ03 = 0.5 m
Table 2. Coordinates associated with the goal and the obstacles.
Figure 6. Implementation of the hierarchical control in Matlab-Simulink for the WMR.
Once the values of the parameters associated with the WMR and the control have been
defined, the hierarchical control can be programmed in Matlab-Simulink to simulate the
closed-loop system.
4.2. Implementing the control via Matlab-Simulink
Figure 6 (bottom part) shows the three blocks associated with the hierarchical control
programmed using Matlab-Simulink: Input-output linearization control, PI controllers/DC
motors, and Kinematic model of the WMR.
1.- Input-output linearization control block. In this block, the control determined by (13), which
accomplishes the obstacle avoidance task, is programmed. The inputs are the variables
(x1, y1, ϕ), and the outputs the desired velocity profiles (ωr,ωl) = (̟
∗
r ,̟
∗
l ), the latter
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being tracked by the angular velocities of the right and left DC motors, respectively.
Figure 7 presents the block’s constituent sub-blocks.
2.- PI controllers/DC motors block. In this block, the PI controls, associated with the right
and left motors, respectively determined by (33) and (34), are implemented. The inputs
are determined by (̟∗r ,̟
∗
l ) and the angular velocities produced by the motors (̟r,̟l),
respectively, with the outputs being the controls ur and ul in such a way that (̟r,̟l) →
(̟∗r ,̟
∗
l ). The gains associated with the PI controls were here selected as Kpr = 2, Kir =
50, Kpl = 2, and Kil = 50.
3.- Kinematic model of the WMR block. In this block, the kinematic model of the WMR
associated with the point q, determined by (12), is programmed. The inputs are (̟r,̟l),
and the outputs the variables (x1, y1, ϕ).
Figure 7. Input-output linearization control block.
4.3. Simulation results
Finally, this subsection presents the simulation results associated with the obstacle avoidance
task for the differentially-driven WMR. The simulations consider the presence of three
obstacles within the workspace which have an influence over the WMR during its journey to
the goal. Table 2 presents the coordinates associated with the goal and the three obstacles,
with the distribution depicted in Figure 8(a) and Figure 14. The results obtained for the
variables of interest to the WMR are shown in Figure 8; in this figure one can observe how
the WMR successfully evades the obstacles and reaches the goal.
5. Description of the employed prototype
This section provides a general description of the WMR prototype reported in [14], which
was built to carry out various control tasks associated with WMRs. Figure 9 displays a block
diagram describing the existent connections between the different stages of the employed
WMR, namely: Subsystems, Power system, and Data acquisition and control system.
Here we present a summarized description of the blocks composing the WMR prototype,
including its connection with the DS1104 board, as shown in Figure 9.
• Stage 1: Subsystems. This stage (see Figure 10) comprises the mechanical subsystems a
and b, which include the actuators, sensors, and the mechanical structure of the WMR.
Subsystem a, actuators and sensors, generates the movement of the WMR wheels in a
specified workspace, and discrete position sensing, respectively. Subsystem b, mechanical
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(e) (f)
Figure 8. Simulation results in the three obstacles scenario.
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Figure 9. General block diagram of the WMR prototype.
structure, corresponds to the mechanical topology associated with the differentially driven
WMR.
• Stage 2: Power system. This stage enables interaction between the electronic control
interface (stage 3) and the mechanical subsystems (stage 1). A block diagram of stage
2 is shown in Figure 11. This block comprises the following four substages, numbered
from 1 to 4: source circuit, optoisolator circuit, H-bridge circuit, and encoder circuit. In
substage 1, the power supply, via the source circuit, distributes the different voltages
to the general electronic system. Substage 2 enables electrical signal isolation between the
DS1104 electronic board and substage 3. Substage 3 enables the direction of rotation of
the DC motors to be controlled via the use of a positive or a negative voltage, which is
determined by the control exerted by the DS1104 board. Finally, substage 4 involves the
acquisition of the encoders’ signals, which can then be used to estimate the position of
the WMR within the workspace.
• Stage 3: Data acquisition and control system. The main device involved in this stage is
the DS1104 board, which performs the acquisition of the variables of interest to the
experimental implementation of the WMR hierarchical control. This board was selected
due to the potential for integration between Matlab-Simulink and the board’s firmware.
Moreover, the high programming level available in Simulink makes it a practical selection
for the programming of complex control strategies in a graphical environment. Stage 3
also includes an interface circuit (see Figure 9) which establishes communication between
the DS1104 board and the WMR.
Figure 12 shows pictures of the real WMR, including the employed instrumentation.
6. Real-time experiments
In order to validate the data obtained via numeric simulation presented in Section 4, here we
present the experimental results obtained using the WMR in real-time. These experiments
were performed using Matlab-Simulink, ControlDesk, and a DS1104 board (dSPACE), with
the distribution of the obstacles and the goal identical to that in the simulations.
6.1. Real-time control of the WMR via Matlab-Simulink
Whereas the mathematical models associated with the WMR and the DCmotors were used to
obtain the simulation results, these models were replaced by the WMR prototype in obtaining
the experimental results. However, it is worth mentioning that the robot kinematic model
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Figure 10. Bottom view of the mechanical structure.
Figure 11. Block diagram of the power system.
was employed here to provide an estimation of the WMR position, since no localization
sensor was used for the WMR in the present study.
The Matlab-Simulink program associated with the hierarchical control used to obtain the
experimental results for the closed-loop system is shown in Figure 13, which consists of the
following blocks: System parameters, Input-output linearization control, PI controllers/DC motors,
and Kinematic model of the WMR. Figure 13 also depicts the connections between the WMR
and the hierarchical control. A comparison of Figures 6 and 13 reveals that the two are highly
similar, with the only block experiencing any significant changes being the one associated
with the PI controllers/DC motors. Hence, we can focus our attention solely on this block.
• PI controllers/DC motors block. This block describes the implementation of the PI controls,
ur and ul , associated with the right and left motors, respectively, which allow (̟r,̟l) →
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Figure 12. WMR prototype.
(̟∗r ,̟
∗
l ). In order to start the DC motors, the ur and ul voltages must be conditioned
through PWM blocks, which are implemented via the DS1104 board. The PWM signals
then go through the power system stage illustrated in Figure 9. For the acquisition of the
angular velocities ̟r and ̟l , two E50S8 incremental encoders (Autonics) were employed
in combination with Matlab-Simulink blocks.
6.2. Experimental results
This subsection presents the experimental results associated with the distribution of the
obstacles and the goal mentioned in Table 2. Likewise, the locations of the WMR, obstacles,
and goal within the workspace are illustrated in Figure 14. The corresponding experimental
results for such a scenario, in which the parameters of the WMR and the gains of the controls
were the same as those employed in the simulations, are shown in Figure 15. Additionally,
supplementary material associated with these results can be seen through Video S1 (see
[25]). Also, experimental results for the scenarios involving two and zero obstacles within
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Figure 13. Experimental implementation of the controller via Matlab-Simulink and its connection with the WMR.
the workspace are presented in Videos S2 and S3, respectively, (see [25]). The aforementioned
videos are available online at: www.controlautomatico.com.mx/trabajos.html
Figure 14. Position and orientation of the starting point of the WMR.
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(a) (b)
(c) (d)
(e) (f)
Figure 15. Experimental results for the three obstacles scenario.
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6.3. Discussion of the results
Similar results were obtained in the simulation and experimental tests; in both cases the
angular velocities of the DC motors, ̟r and ̟l , tracked the desired velocity profiles imposed
by the WMR kinematic model, ̟∗r and ̟
∗
l , respectively. Hence, the obstacle avoidance
task was successfully carried out by the WMR, as verified experimentally in Figure 15(a).
However, it is worth mentioning that an error arose that could only be appreciated visually
and which thus does not appear in Figure 15(a): a gap of approximately 10 cm was observed
between point q and point qm. This discrepancy likely occurred due to the fact that the
position of q within the workspace was calculated indirectly via the WMR kinematic model.
It was also observed that the voltages ur and ul , associated with the DC motors, did not
surpass the (−24 V, +24 V) voltage interval: this was convenient since the nominal voltage
of the employed DC motors is in the range of ±24 V. As a result it can be confirmed that the
developed hierarchical control performed successfully.
7. Conclusions
Based on the artificial potential field approach, the present work has provided a solution to
the obstacle avoidance task for a differentially-driven WMR via the design of a hierarchical
control, for which a step-by-step guide has been presented that details the theory, simulation,
and experimental implementation. Simulation results were obtained by developing a
Matlab-Simulink program, since Simulink provides a graphical environment that facilitates
the analysis, design, and construction of dynamic systems. In order to obtain experimental
results, a Matlab-Simulink program was again employed, this time alongside ControlDesk
and the DS1104 board. A comparison of the simulation and experimental results associated
with the obstacle avoidance task revealed the good performance of the developed hierarchical
control. However, as mentioned earlier, an error between the WMR and the goal arises that
can only be observed visually, likely due to the fact that the position of the robot is calculated
via the kinematic model of the WMR. Future work will aim to locate the WMR via a sensor
in order to reduce or eliminate said error.
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